During directed evolution to functionally express the high redox potential laccase from the PM1 basidiomycete in Saccharomyces cerevisiae (Mate et al. 2010) , the characteristic maximum absorption at the T1 copper site (Abs610T1Cu) was quenched, switching the typical blue colour of the enzyme to yellow. To determine the molecular basis of this colour change, we characterized the original wild-type laccase and its evolved mutant. Peptide printing and Maldi-TOF analysis confirmed the absence of contaminating protein traces that could mask the Abs610T1Cu, while conservation of the redox potential at the T1 site was demonstrated by spectroelectrochemical redox titrations. Both wild-type and evolved laccases were capable of oxidizing a broad range of substrates (ABTS, guaiacol, DMP, synapic acid) and they displayed similar catalytic efficiencies. The laccase mutant could only oxidize high redox potential dyes (Poly R478, Reactive Black 5, Azure B) in the presence of exogenous mediators, indicating that the yellow enzyme behaves like a blue laccase. The main consequence of over-expressing the mutant laccase was the generation of a six-residue N-terminal acidic extension, which was associated with the failure of the STE13 protease in the Golgi compartment giving rise to alternative processing. Removal of the N-terminal tail had a negative effect on laccase stability, secretion and its kinetics, although the truncated mutant remained yellow. The results of CD spectra analysis suggested that polyproline helixes were formed during the directed evolution altering spectral properties. Moreover, introducing the A461T and S426N mutations in the T1 environment during the first cycles of laboratory evolution appeared to mediate the alterations to Abs610T1Cu by affecting its coordinating sphere. This laccase mutant is a valuable departure point for further protein engineering towards different fates. 
Introduction
Fungal laccases (benzenodiol: oxygen oxidoreductase, EC 1.10.3.2) are remarkable biocatalysts with broad substrate specificity and very few requirements (Riva 2006; Rodgers et al. 2010) . These enzymes can oxidize a wide range of compounds using oxygen from the air and releasing water as the sole by-product.
Fungal laccases oxidize ortho-and para-diphenols, methoxy-substituted phenols, aromatic amines, benzenothiols, hydroxyindols, syringaldazine and some inorganic/organic metal compounds, as well as other molecules (Alcalde 2007) .
Furthermore, in the presence of redox mediators from natural or synthetic sources, laccases can expand their substrate specificity to oxidize higher redox potential compounds (including non-phenolic substrates such as lignin derivatives, synthetic organic dyes and PAHs) (Cañas & Camarero 2010) . Thus, fungal laccases may have many potential applications in the front line of green chemistry, in the bioremediation of pollutants, the production of 2 nd generation biofuels (bioethanol, biobuthanol) , the engineering of biosensors and biofuel cells, in the paper, textile and food industries and in the organic synthesis of antibiotics, drugs, cosmetics, polymers and other compounds (Alcalde et al. 2006a; Kunamneni et al. 2007 Kunamneni et al. , 2008a Kunamneni et al. , 2008b Xu 2005) . Typically, laccases contain four copper atoms arranged in two highly conserved regions. The reducing substrate binds at the T1 Cu site, while the trinuclear Cu cluster (containing one T2 Cu and two T3 Cu) is involved in the binding of molecular oxygen, which is concomitantly reduced to two molecules of water. Upon purification, the paramagnetic T1 Cu (in its oxidized resting state, Cu 2+ ) confers the characteristic blue colour of laccase (with an extinction coefficient ranging from 4900 to 5700 M -1 cm -1 at the Abs610T1Cu) (Davies & Ducros 2002; Solomon et al. 1996) . This particular feature accounts for the name of the bluemulticopper protein group, which is made up of laccases (fungal, bacterial, plant or insect), bacterial copper nitrite reductases, the plant ascorbate oxidases, the mammalian plasma proteins ceruloplasmins, and bilirubin oxidases (Alcalde 2007; Baldrian 2006) . In addition to blue laccases, several other laccases with distinct spectral characteristics have been described, such as yellow-brown laccases obtained from white-rot fungi under solid-state fermentation conditions. These laccases do not contain Abs610T1Cu, supposedly due to the presence of a putative natural mediator derived from lignin biodegradation located at the T1 Cu site (Leontievsky et al. 1997a (Leontievsky et al. , 1997b Pozdnyakova et al. 2004 Pozdnyakova et al. , 2006a ). White laccases produced by different basidiomycete strains have also been described with a broad band at around 400 nm but no absorbance at 610 nm. These white laccases contain two atoms of zinc and one iron/manganese atom, instead of the characteristic trinuclear copper cluster (Haibo et al. 2009; Min et al. 2001; Palmieri et al. 1997) . Recently, a unique white laccase containing a single Cu atom and lacking any other metal content was also reported (Schückel et al. 2011 ).
Recently, we carried out the directed evolution of a high redox potential laccase from the basidiomycete PM1 to achieve functional heterologous expression in a soluble, stable and active form (Mate et al. 2010) . The final variant of this process (OB-1 mutant) was readily secreted by yeast, and it was stable at high temperatures (T50= 73ºC), in the presence of organic co-solvents and over a broad pH range (3.0 to 9.0). While the evolved laccase retained the general characteristics of the wild-type blue PM1 laccase (Coll et al. 1993) , the mutant was yellowbrownish in colour. To further investigate this change in the spectral properties of the enzyme, we performed a comprehensive biochemical and spectroelectrochemical characterization of the evolved and wild-type laccases.
Material and methods

Materials
The basidiomycete PM1, originally isolated from a waste-water from a paper factory, was obtained from the Spanish Type Culture Collection (CECT2971).
Laccase mutant OB-1 was engineered as described previously (Mate et al. 2010) .
The laccase from Trametes hirsuta was kindly donated by Prof. A. Yaropolov All chemicals were of reagent-grade purity.
Culture Media
Minimal medium contained 100 mL sterile yeast nitrogen base (6.7%), 100 mL sterile yeast synthetic drop-out medium supplement (19.2 g/L) lacking uracil, 100 mL sterile raffinose (20%), 700 mL ddH2O and 1 mL chloramphenicol (25 g/L).
Yeast Peptone (YP) medium contained 10 g yeast extract and 20 g peptone in 650 mL ddH2O. Expression medium contained 720 mL YP, 67 ml 1 M KH2PO4 buffer (pH 6.0), 111 mL galactose (20%), 2 mM CuSO4, 25 g/L ethanol and 1 ml chloramphenicol (25 g/L), made up to 1000 mL with ddH2O. YPD solution contained 10 g yeast extract, 20 g peptone, 100 mL sterile glucose (20%) and 1 ml chloramphenicol (25 g/L), made up to 1000 mL with ddH2O. SC drop-out plates contained 100 mL sterile yeast nitrogen base (6.7%), 100 mL sterile yeast synthetic drop-out medium supplement (19.2 g/L) lacking uracil, 20 g bacto agar, 100 mL sterile glucose (20%) and 1 mL chloramphenicol (25 g/L), made up to 1000 mL with ddH2O. GAE medium contained (per litre) 10 g glucose, 1 g asparagine, 0.5 g yeast extract, 0.5 g K2HPO4, 1 g MgSO4 7H2O and 0.01 g FeSO4 7H2O.
Truncated variant (OB-1del mutant)
The extra N-terminal sequence was removed by deletion mutagenesis using
In Vivo Overlap Extension (IVOE, Fig. 5 ) (Alcalde et al. 2006b; Alcalde 2010) . The   primers  used  for  PCR  1  were  RMLN  and  ALPHA2  (5'   ACCGTTGGAGATGGTGAGGTCTGCGACTGGCCCAATGCTTCTTTTCTCGAGAGATAC CCCTTC 3´, which binds to bp 5´-282-345 -3´ of pJRoC30-OB-1). The primers for PCR 2 were OB-1MAT (5' AGCATTGGGCCAGTCGCAGAC 3', which binds to bp 5´-483-504-3´ of pJRoC30-OB-1) and RMLC. The pJRoC30 plasmid was linearized with XhoI and BamHI, and subsequently, both the linearized plasmid and the PCR products were cleaned, concentrated and loaded onto a low melting point preparative agarose gel for purification using the Zymoclean gel DNA recovery kit (Zymo Research). The linearized plasmid (100 ng) was mixed with the products from PCR1 and PCR 2 (200 ng each) and transformed into competent S. cerevisiae cells.
Individual clones were picked and cultured in 96-well plates (GreinerBio-One, Frichkenhausen, Germany) containing 50 L of minimal medium per well and screened by the ABTS-procedure as described previously (Mate et al. 2010) .
Positive clones were re-screened (Mate et al. 2010) , and the in vivo repaired plasmid was recovered and the truncated fusion gene confirmed by DNA sequencing.
Production and purification of laccases
Production of the wild-type laccase in the PM1 basidiomycete (PM1L-wt)
The PM1 basidiomycete was cultured in GAE medium (2 x 50 mL in 250 mL flasks) for 5 days at 37ºC and 240 rev/min, and the pellets from the two flasks were homogenized in distilled water. A 4 mL suspension of the homogenate was used to inoculate 1 L flasks containing 300 mL of GAE medium supplemented with 300 µM CuSO4. After 7 days of incubation (maximum laccase activity) the liquid cultures were filtered and the laccase purified.
Production of the mutant laccase in S. cerevisiae
A single colony from the S. cerevisiae clone containing the mutant laccase gene (OB-1 and OB-1del) was picked from a synthetic complete (SC) drop-out plate, inoculated in 10 ml of minimal medium and incubated for 48 h at 30ºC and 225 rpm (Micromagmix shaker, Ovan, Spain). An aliquot of cells was removed, inoculated into a final volume of 50 ml of minimal medium in a 500 ml flask (optical density, OD600 = 0.25), and incubated for two complete growth phases (6-8 h).
Subsequently, 450 ml of the expression medium was inoculated with the 50 ml preculture in a 2.0-litre baffled flask (OD600 = 0.1 and, after incubating for 70-95 h at 30ºC and 225 rpm (maximal laccase activity; OD600 = 25-35), the cells were separated by centrifugation for 15 min at 6000 rpm (4ºC; Avantin J-E Centrifuge, Beckman Coulter, Fullerton, CA, USA) and the supernatant was double-filtered (through glass followed by a nitrocellulose membrane of 0.45 m pore size).
Purification
Laccases OB-1 and OB-1del were purified by fast protein liquid chromatography (FPLC; LCC-500CI, Amersham Bioscience, Barcelona, Spain) and high performance liquid chromatography (HPLC, Waters 600E System with a PDA detector; Varian, USA). The crude extract was first subjected to fractional precipitation with 55% ammonium sulphate (first cut) and the pellet removed before subjecting the supernatant to precipitation with 75% ammonium sulphate (second cut). The final pellet was recovered in 20 mM Bis-Tris buffer (BT buffer, pH 6.5) and the sample filtered and loaded onto the FPLC, which was coupled to a strong anionic exchange column (HiTraP QFF, Amersham Bioscience) pre-equilibrated with BT buffer. The proteins were eluted with a linear gradient of 0 to 1 M NaCl in two phases at a flow rate of 1 mL/min: from 0 to 50% over 40 min and from 50 to 100% over 10 min. Fractions with laccase activity were pooled, concentrated, dialyzed against BT buffer and further purified by HPLC-PDA coupled with a 10 μm high resolution anion exchange Biosuite Q column (Waters, MA, USA) pre-equilibrated with BT buffer. The proteins were eluted using a linear gradient of 0 to 1 M NaCl at a flow rate of 1 mL/min in two phases: from 0-8% over 60 min and from 8-100%
over 10 min. The fractions with laccase activity were pooled, dialyzed against 10 mM Britton and Robinson buffer (pH 6.0), concentrated and stored at -20ºC.
Throughout the purification process the fractions were analyzed by SDSpolyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels in which the proteins were stained with Coomassie brilliant blue (Protoblue Safe, National Diagnostics, GA, USA). All protein concentrations were determined using the Bio-Rad protein reagent (Bio-Rad Laboratories, Hercules, USA) and bovine serum albumin as a standard. For the PM1L-wt the protocol was similar to that used for the laccase mutants in S. cerevisiae, with some minor changes: the pellet from the fractional precipitation was recovered in BT buffer and the sample was filtered and loaded onto the FPLC coupled with the HiTrapP QFF column pre-equilibrated with BT buffer. The proteins were eluted with a linear gradient of 0 to 1 M NaCl in two phases at a flow rate of 1 mL/min: from 0-40% over 40 min and from 40-100% over 10 min. The fractions with laccase activity were pooled, dialyzed, concentrated and stored at -20ºC.
Estimation of copper content
The copper content of the purified PM1L-wt and the OB-1 mutant was determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), using a Perkin Elmer Optima model 3300 DV spectrometer (Walthman, MA, USA).
MALDI-TOF analysis
Matrix Assisted Laser Desorption and Inonisation Time of Flight (MALDI-TOF)
experiments were performed on an Autoflex III MALDI-TOF-TOF instrument (Bruker Daltonics, Bremen, Germany) with a smartbeam laser. The spectra were acquired at a laser power just above the ionization threshold, and the samples were analysed in the positive ion detection and delayed extraction linear mode. Typically, 1000 laser shots were summed into a single mass spectrum. External calibration was performed, using BSA from Bruker, over a range of 30000-70000 Da. The 2,5-dihydroxy-acetophenone (2,5-DHAP) matrix solution was prepared by dissolving 7.6 mg (50 μmol) in 375 μl ethanol, to which 125 μl of 80 mM diammonium hydrogen citrate aqueous solution was added. For sample preparation, 2.0 μl of purified enzyme was diluted with 2.0 μL of 2% trifluoro acetic acid aqueous solution and 2.0 μl of matrix solution. A volume of 1.0 μL of this mixture was spotted onto the stainless steel target and allowed to dry at room temperature.
Protein identification by peptide printing
The purified OB-1 variant was digested with trypsin at the Proteomic and YSFVLNADQDVDNYWIRALPNSGTRNFDGGVNSAILR and SAGSSTYNYANPVYR were compared with the data available from a primary sequence database (Mascot, http://www.matrixscience.com).
pI determination
The pI of purified laccases (8 μg of each) was determined by bi-dimensional electrophoresis (Proteomic and Genomic Services, CIB, CSIC, Spain).
N-terminal analysis
Purified laccases were resolved by SDS-PAGE and the proteins transferred to polyvinylidene difluoride (PVDF) membranes. The PVDF membranes were stained with Coomassie Brilliant Blue R-250, after which the enzyme bands were cut out and processed for N-terminal amino acid sequencing on a precise sequencer at the Core facilities of the Helmholtz Centre for Infection Research (HZI; Braunschweig, Germany).
Kinetics parameters
As previously reported (Mate et al. 2010) , steady-state enzyme kinetics were determined using the following extinction coefficients: ABTS, ε418 = 36000 M -1 cm -1 ; DMP, ε469 = 27500 M -1 cm -1 (relative to substrate concentration); guaiacol, ε465 = 12100 M -1 cm -1 ; sinapic acid, ε512 = 14066 M -1 cm -1 . 
Determination of thermostability
The thermostability of the different laccase samples was estimated by assessing their T50 values using 96/384 well gradient thermocyclers. Appropriate laccase dilutions were prepared, such that 20 μL aliquots produced a linear response in the kinetic mode. Subsequently, 50 μL samples were assessed at each point in the gradient scale and a temperature gradient profile ranging from 35 to 90ºC was established as follows (in ºC): 35.0, 36.7, 39.8, 44.2, 50.2, 54.9, 58.0, 60.0, 61.1, 63.0, 65.6, 69.2, 72.1, 73.9, 75.0, 76.2, 78.0, 80.7, 84.3, 87.1, 89 .0 and 90.0. After a 10 min incubation, the samples were chilled on ice for 10 min and further incubated at room temperature for 5 min. Next, 20 μL of samples were subjected to the same ABTS-based colorimetric assay described above.
Thermostability values were deduced from the ratio between the residual activities incubated at different temperature points and the initial activity at room temperature (Garcia-Ruiz et al. 2010) .
Electrochemical characterization
Spectroelectrochemical analysis of PM1L-wt and the OB-1 mutant, as well as the Trametes hirsuta laccase (ThL), was performed as described previously (Larsson et al. 2001 ) using a micro-spectroelectrochemical cell with a gold capillary electrode.
The potential of the gold capillary in the cell was controlled by a three-electrode BAS LC-3E potentiostat from Bioanalytical Systems (BAS, West Lafayette, IN, USA) using an AgAgClKCl reference electrode (BAS) and a platinum counter electrode.
The absorbance spectra were monitored with a PC2000-UV-VIS miniature fibre 
Circular dichroism spectra
CD spectra were recorded with a Chirascan™ CD Spectrometer (Applied Photophysics, Leatherhead, UK). The measurements were performed under an atmosphere of N2 with a 1 mm light path quartz cell (Hellma, Müllheim, Germany) using protein concentrations in the range from 0.05 up to 0.1 mg/ml. The protein concentration was determined in accordance with methodology presented in (Scopes 1974) . The parameters of the secondary structures were calculated using an in house program ("Protein-CD v 1.5"; Moscow, Russia), as described previously . This software uses a ridge regression procedure in the method of linear regression and allows creation of the optimal selection from CD spectra in a database for mathematical treatment of a CD spectrum of interest. As known from X-ray studies of redox enzymes from different sources laccases are β-structured proteins. Indeed, the CD database for our calculations contained only β-proteins.
From 39 β-proteins only 25 examples were selected based on the criterion of rootmean-square similarities of their spectra with a CD spectrum of a wild-type laccase from Coprinus cinereus. For the learning sample containing 25 proteins regression coefficients were obtained, which were used in the calculation of basic elements of protein secondary structures, viz. α-helix, 310-helix, β-structure, β-turns, and random (unordered) structure. In order to determine calculating errors the learning sample was tested by alternated removal of each protein from the database.
DNA sequencing
The 
Protein Modelling
The Protein Data Bank was searched for proteins with known structural homology to the PM1 laccase. The protein with the highest sequence similarity to PM1 was the laccase from Trametes trogii, the crystal structure of which was solved at a resolution of 1.58 Å and it exhibits 97% sequence identity to PM1 (PDB id:
2hrgA) (Matera et al. 2008) . A model was generated using the Swiss-Model protein automated modelling server (http://swissmodel.expasy.org/), and analyzed using DeepView/Swiss-Pdb Viewer and PyMol Viewer.
Results and discussion
The yellow OB-1 mutant
The blue laccase from basidiomycete PM1 belongs to a group of high redox potential laccases discovered in the western Mediterranean region, which includes laccases from other white-rot fungi (Trametes troggi, Trametes C30, Coriolopsis gallica and Pycnoporus cinnabarinus) (Colao et al. 2006) . These laccases share sequence identity of at least ~75% and they have been characterized as blue laccases, i.e.: with a copper content of 4 atoms per protein; displaying a shoulder at approximately 330 nm corresponding to the type III binuclear copper couple; and a peak at 610 nm associated with T1 Cu, also known as blue copper. We previously modified the PM1 laccase through eight rounds of directed evolution and screening, to achieve functional expression in S. cerevisiae (Mate et al. 2010) . In that study, a fusion gene comprising the α-factor prepro-leader and the mature PM1 laccase was constructed and improved by consecutive cycles of random mutagenesis, DNA recombination and semi-rational approaches, to generate the final OB-1 mutant that harboured a full set of coppers (estimated by ICP-OES, see Experimental Procedures). However, unlike the wild-type laccase produced by basidiomycete PM1 (PM1L-wt), the OB-1 mutant did not display the characteristic laccase absorption spectrum, but rather one similar to that of the yellow laccases (Fig. 1A) . The A280/A610 ratio represents the combined absorbances of tryptophan and aromatic residues at 280 nm, divided by the absorbance of T1 Cu at 610 nm. Generally, blue laccases exhibit an A280/A610 ratio of ~20, while that of the yellow laccases ranges from 90 to 150 (Leontievsky et al. 1997a; Pozdnyakova et al. 2006a ). Thus, the PM1L-wt is a blue-laccase, while the OB-1 mutant can be considered as yellow laccase, based on its T1 Cu spectral features ( Table 1) . OB-1 was purified to homogeneity (purification factor ~115; Table 2 , Fig. 1B ) to rule any possible contamination by other residual proteins that could mask absorbance at 610 nm.
Subsequently, the purified mutant was analysed by MALDI-TOF mass spectrometry, which revealed a single peak for the mono-and di-protonated species, indicating a high level of purity in the preparation (Fig. 1C) . The purified OB-1 was then identified by peptide printing, resulting in a protein score of 480, matching that of the original PM1 laccase (accession number: CAA78144 GI:58324).
Biochemical characterization
Both laccases had similar isoelectric points and pH activity profiles for ABTS and DMP (see Table 1 for a summary of the main characteristics of PM1L-wt and the OB-1 mutant, and Fig. 1D , E, F), although the degree of glycosylation differed, as might be expected for enzymes produced in different hosts ( Table 1) . The kinetic parameters were assessed using different phenolic and non-phenolic compounds. It was not possible to characterize native PM1 laccase produced in S. cerevisiae due to its poor secretion (0.035 ABTS-units/litre of supernatant). The kcat of the OB-1 variant was close to that of PM1L-wt produced from the fungal strain (Table 3) .
Bearing in mind that the total activity of PM1 laccase was enhanced round after round of evolution, our data indicate that the kcat of the native laccase PM1 must be several fold lower when the enzyme is expressed in S. cerevisiae than in the original host. Our results agreed well with those for other laccases expressed in S.
cerevisiae. For example, when the low redox potential laccase from Myceliophthora thermophila was functionally expressed in yeast, the kcat of the enzyme decreased 10-fold in the S. cerevisiae expression system (Bulter et al. 2003) .
Laccase mediator system
Redox mediators are small synthetic or natural molecules that can act as diffusible electron carriers. After oxidization by laccases, the mediator oxidizes the target substrate through non-enzymatic mechanisms (Baiocco et al. 2003; Cañas & Camarero 2010) . Laccase-mediator systems have been exhaustively investigated, as they permit the oxidation of high redox potential compounds that cannot be oxidized by laccases alone (including lignin derivatives, recalcitrant dyes and PAHs) (Morozova et al. 2007 ). Some fungal laccases produced in solid-phase cultures are yellow rather than the typical blue colour exhibited by the same laccases when produced in liquid cultures (Leontievsky et al. 1997a (Leontievsky et al. , 1997b Pozdnyakova et al. 2004 Pozdnyakova et al. , 2006a . In solid state fermentation of white-rot fungi using lignocellulosic materials (e.g., wheat straw containing lignin), a natural lignin-derived compound can modify the T1 Cu, switching from the oxidized resting state (Cu 2+ ) to the reduced state (Cu 1+ ), and thus quenching the Abs610T1Cu. Interestingly, once laccase binds to this natural and hitherto unknown molecule, the enzyme can oxidize higher redox potential compounds without the need for any exogenous mediator (Leontievsky et al. 1997b; Pozdnyakova et al. 2004 Pozdnyakova et al. , 2006b RodakiewiczNowak et al. 1999) . The presence of this putative "endogenous mediator" bound to the T1 Cu site in yellow laccases is one of the characteristic features of these enzymes. Although the OB-1 mutant was produced in conventional YP liquid media, the possible binding of a mediator that altered the Abs610T1Cu cannot be ruled out.
We analyzed the oxidation of several high redox potential dyes by the OB-1 mutant in the presence or absence of exogenous mediators (the artificial mediator HBT or the natural mediator acetosyringone, Fig. 2A ). RB5, PolyR478 and Azure B were only oxidized efficiently in the presence of the mediator, with the best yields produced by the HBT-laccase system. Unlike all the yellow laccases described in literature, the OB-1 mutant oxidized none of the recalcitrant dyes in the absence of exogenous mediators. Similar results were obtained for the blue laccase from
Trametes versicolor (TvL), confirming that the yellow OB-1 mutant behaves like a blue laccase in terms of its laccase-mediator requirements (Fig. 2B) .
Spectro-electrochemical characterization
To determine whether modification of the Abs610T1Cu affects the laccase redox potential, midpoint potentials were measured for PM1L-wt and the OB-1 mutant to provide an estimate of the potential value of the T1 Cu site (Eº´T1). The
Eº´T1 Cu for PM1L-wt was +760 mV when compared to NHE from the mediated reductive redox titration, placing the PM1 laccase in the group of high redox potential laccases (Fig. 3A) . It was not possible to accurately estimate the Eº´T1 Cu for the OB-1 mutant as the quenched signal at 610 nm prevented calculation of a reliable value. However, a constant increment was detected with increasing voltage (from +350 mV to +950 mV), indicating reduction of the T1 Cu (Fig. 3B) . s -1 for ThL, PM1L-wt and OB-1, respectively) indicating that the redox potential of the OB-1 mutant was, in all likelihood, unaltered after evolution (Fig. 3C) .
The CD spectrum of the PM1L-wt (Fig. 3D) was very similar to those of Trametes hirsuta, Coprinus cinereus and other fungal laccases (Schneider et al. 1999; Shleev et al. 2004) . The calculated basic elements of the secondary structure of the wild-type enzyme correlated well with the content of α-helix, 310-helix, β-structure, β-turns, and unordered structures in Coprinus cinereus laccase obtained from X-ray analysis ( Table 4) . CD spectra of mutants, however, differed significantly from the spectrum of the wild-type enzyme, viz. intensive negative band in the region of 200 nm occurred, which is a very distinguishing feature for proteins with irregular structures, such as collagens and polyproline helixes (Sreeram & Woody 1994) . In the frame of the calculation method used in our studies, this difference in CD spectra of mutants compared to the wild type laccase is described by the percentage increase of irregular (unordered) structure with concomitant small decrease in regular structures, viz. α-helix, β-structure, and β-turns. It is important to emphasize that a positive band in the region of 224 nm do exist on CD spectra of mutants, also characteristic of polyproline helix structures. (Sreeram & Woody 1994) . Usually, polyproline helixes are short (only 3-6 amino acids) and they are classified as an unordered structure (Mansiaux et al. 2011) . Moreover, the specific ellipticity of polyproline helixes varies from 45000 up to 100 000 degr .cm 2 dmol -1 (Sreeram & Woody 1994) . Since the specific ellipticity for mutants of laccase in the region of polyproline helix (ca. 200 nm) was calculated to be 9000-12 000 degr .cm 2 dmol -1 (Fig. 3D) , it can be suggested that the observed spectral changes might be related to the transition of 15-30% amino acids into polyproline helix (poly(Pro)II helix and the poly(Pro)II-type) during the direct evolution of the wild-type laccase.
OB-1 truncated variant
The OB-1 mutant was engineered by constructing of a fusion protein harbouring the α-factor prepro-leader from S. cerevisiae and the native mature laccase PM1. After screening over 50,000 clones in eight cycles of directed evolution, the OB-1 mutant contained the following mutations:
T, E(α90)E, Q70Q, V162A, A167A, H208Y, S224G, A239P, D281E, S426N, L456L, A461T (synonymous mutations are underlined and brackets denote mutations in the α-factor pre-proleader). Mutations in the hydrophobic core of the evolved α-factor prepro-leader enhanced functional expression, whereas some mutations in the mature protein improved catalytic efficiency, folding and secretion by altering the interactions with the surrounding residues (Mate et al. 2010) .
The α-factor pro-leader is thought to be involved in vacuolar targeting and chaperone like-activity, and it is processed at the Golgi through the action of three proteases; KEX2, STE13 and KEX1. KEX2 is a membrane-bound endoproteinase that cleaves the carboxyl side of the Lys-Arg motif. Maturation is sustained by the action of STE13, a membrane-bound dipeptidyl aminopeptidase that removes Glu/Asp-Ala dipeptides from the N-terminus of the mature protein. Finally, the serine protease KEX1 removes the Lys and Arg residues from the C-terminus, which is essential for the proper maturation of α-factor tandems but is not necessary for the heterologous expression of α-factor prepro-leader fusion proteins. Several studies have described incorrect processing in response to high levels of secreted proteins produced from fusion genes with the α-factor prepro-leader, ultimately resulting in extracellular proteins containing a spacer dipeptide sequence linked to the N-terminus (Romanos et al. 1992 ). This effect is thought to reflect to the low levels of STE13 protease produced by yeast, insufficient to process the high levels of heterologous proteins expressed by these synthetic genes. When we sequenced the N-terminal end of the OB-1 mutant, an extra acidic N-terminal extension (ETEAEF) led the original mature protein, confirming that STE13 fails to process the proleader (Fig. 4A) . ETEA is the spacer dipeptide for STE13 (including mutation A[α87]T), whereas the EF dipeptide was introduced during the cloning strategy to fuse the α-factor prepro-leader to the mature OB-1. To determine the effect of this alternative processing on laccase characteristics (including the Abs610T1Cu spectral properties, stability and kinetics), we deleted the portion of our evolved gene encoding the acidic tail. Accordingly, a truncated version of the OB-1 mutant (OB1del) was engineered by deletion mutagenesis through IVOE (Fig. 5) . The new variant was produced, purified and N-terminal sequenced, confirming the corrected processing and secretion in the absence of STE13 cleavage (i.e., through KEX2 protease activity only, Fig. 4B ). The OB-1del mutant was a similar yellow colour to OB-1 and moreover, the truncated version had an Abs280/Abs610 ratio of ~160 (Fig. 1A, Table 1 ). The pI shifted from 5.1 to 5.3 due to the loss of three acidic residues upon deletion. The removal of the acidic tail of the OB-1del mutant did not have associated significant changes in the CD spectra (Fig. 3D, Table 4 ). The OB1del mutant had the same pH activity profile as OB-1 (Fig.1D, E) , although it was less stable (with a T50 1.4ºC less than that of OB-1, Fig.1F ) and with worse kinetics (with kcat/Km 3 to 1.3-fold lower than that of OB-1; Table 3 ). Finally, the truncated version was expressed more weakly in yeast (secretion dropped by ~40%). Removal of the charged spacer peptide made the fusion directly linked to the Lys-Arg processing site a poor substrate for the KEX2 protease, indicating the importance of an acidic environment in the proximity of the KEX2 cleavage site for secretion. This same effect was also observed for the α-factor leader-interferon-α1, which accumulated intracellularly and of which unprocessed and partially processed forms was secreted (Zsebo et al. 1986 ), as well as in our laboratory during the directed evolution of a versatile peroxidase from Pleurotus eryngii (Garcia-Ruiz et al. 2012 ).
Modification of the coordination sphere of the T1 Cu site
Despite the absence of Abs610T1Cu, the yellow OB-1 mutant exhibited the primary biochemical features of a blue laccase. Given that the extra N-terminal extension was not responsible for the colour change, we could attribute the spectral changes to the polyproline helixes detected by CD. Moreover, some of the new amino acid changes induced by directed evolution in the mature OB-1 mutant may modify the T1 Cu environment. The mutant protein harbours seven beneficial mutations (V162A, H208Y, S224G, A239P, D281E, S426N, A461T), which were mapped in a 3D-structure model based on the crystal structure of the Trametes trogii laccase (97% identity). These beneficial mutations were at a distance of 8 to 40 Ǻ of the T1 Cu site. The Cu T1 is trigonally coordinated to two His residues (His455 and His394, according to PM1 numbering) and Cys450. In PM1L-wt, the Abs610T1Cu results from a covalent copper-cysteine bond (Davies & Ducros 2002) .
Interestingly, mutations A461T and S426N are located near the T1 Cu site and may alter the coordination of the blue copper (Fig. 6) . According to our model, the A461T mutation (8.86 Ǻ from T1 Cu) appears to establish a new H-bond with Phe460, which in turn is bound to the coordinating Cys450. It is likely that this change affects the overall geometry of the T1 Cu and hence, the Abs610T1Cu, as the highly covalent Cu-S(Cys) bond is responsible for the pronounced blue colour of laccases. The S426N mutation (at 8.23 Ǻ from T1 Cu) appears to break one H-bond with Gly428, while establishing a new H-bond with the adjacent Thr427. The T1 Cu ligand His394 is bound to Thr427 and thus, the newly established H-bond may alter the coordinating sphere of the T1 Cu. Reversal of these mutations may in turn reverse the effects on Abs610T1Cu, albeit at the cost of expression. In fact, when the A461T and S426N mutations were introduced in the second cycle of evolution, their subsequent removal jeopardized the stability and secretion of the entire protein, hindering the production of the mutant (Mate et al. 2010) .
Conclusions
The OB-1 mutant is a high redox potential laccase with specific spectral features derived from the presence of polyproline helixes together with modifications in T1Cu coordinating sphere. The alterations in absorbance at the T1 Cu site observed in this mutant indicate that not all yellow laccases necessarily contain an endogenous mediator bound to the T1 Cu site, and more significantly, that not all yellow laccases are produced from solid state cultures, but they can also be obtained as genetically modified products. The yellow laccase OB-1 displays similar characteristics to the blue PM1L-wt laccase, in terms of kinetics, redox potential, laccase mediator requirements, pH profile and stability. This mutant contains an extra acidic N-terminal tail, which is involved in alternative processing and folding, and that facilitates laccase secretion as an active, soluble and stable form. Thus, this mutant would appear to be a suitable vehicle for directed evolution experiments towards challenging destinies (from bioremediation to novel green processes) (Mate et al. 2011 ). Current densities of +400, +450, +500, +550, +600, +650, +700, +750 and +850 mV were applied to measure PM1L-wt. Current densities of +350, +400, +450, +500, +550, +600, +650, +700, +750, +800, +850, +900 and +950 were applied to The α-factor pre-leader is represented in yellow, the α-factor pro-leader in grey and the mature laccase in blue. Blue stars indicate glycosylation sites in the pro-leader. The α-factor pre-leader is represented in violet; the α-factor pro-leader in white; the STE13 cleavage site in red; the OB-1 gene in yellow, and the shuttle vector in black. 
